This article is intended to present an overview of developments in the field of capillary electrophoresis (CE) and its application to the analysis of microenvironments. Instrumental developments in injection and detection methods and the separation chemistries are outlined. Emphasis is placed on methods and means that have significantly improved the capability of CE. Subsequently, several selected applications to the exploration of microenvironments such as CE-based sensors, CE on microchip, and single cell analysis are described. The recent advancements in these areas are highlighted.
Introduction
Electrophoresis was first addressed in a doctoral thesis by Arne Tiselius in 1930 and published in sci entific literature in 1937 (1) . It states that positive ions under an electrical field are attracted by the cathode, and negative ions are attracted by the anode. The electrophoretic mobility (μ ep ) is propor tional to the charge-to-size ratio of the ions, which is expressed as:
Eq l
where q is the net charge of a solute, r is the hydrodynamic radius of the ion, and η is the viscosity of the medium. The migration velocity equals the product of μ and an electrical field Ε (v ep = μ ep E). A mixture of components with different μ ep values is thus separated.
This principle was first applied to form a slab electro phoresis, typically for the analysis of macromolecules. Separation was performed on a plate covered with porous gel, and discrimination was based on molecular sieving. The analysis usually took several hours. This method had been dominant in the field of macromolecular analysis until the 1980's when capillary electrophoresis (CE) caught wide attention due to a paper by Jorgenson and Lukacs, in which a highly efficient separation and sensitive analysis of amino acids with CE was reported (2) .
The performance of electrophoresis in a narrow fused-silica tube (internal diameters less than 75 μm) has granted elec trophoresis extremely high power in terms of high separation efficiency, fast response time, and very low sample volume re quirement (less than 50 nL). The low sampling volume makes CE an ideal microscale analytical technique for probing microenvironments. The detection of chemical components at the single-cell level and the analysis of single-enzyme molecules have been possible with CE. It is also effective for the analysis of a large range of compounds from small ions and neutral molecules to macromolecules. The application covers food, en vironmental, biochemical, and pharmaceutical analyses as well as pharmacological studies and shows great promise in biofluid analysis and clinical diagnosis. Many excellent reviews, books, and papers on this topic have been published in recent years (3) (4) (5) . The introduction of the first commercial CE instrument in 1988 greatly sped up CE research. Figure 1 is a schematic diagram of the basic components of a CE instrument. The ends of a narrow-bore, fused-silica cap illary are placed in buffer reservoirs. The reservoirs are filled with the buffer electrolyte. The electrodes are immersed in the reservoirs to make electrical contact between the high-voltage power supply and the capillary. Sample is loaded into the cap illary by replacing one of the reservoirs with a sample reservoir and applying either an electrical field (electromigration injec tion) or an external pressure (hydrostatic injection). After re placing the sample reservoir, the electrical field is applied, and the separation is performed. Detection can be made at the op posite end directly through the capillary wall or by coupling the capillary with other detection techniques such as mass spec troscopy or electrochemical detection through specially de signed interfaces.
Upon contacting the buffer electrolyte, the acidic silanol groups at the surface of the fused-silica capillary undergo dis sociation, which results in a negatively charged capillary wall and, consequently, the formation of electrical double layers. Close to the surface is a layer of cations that are adsorbed on the surface and essentially fixed. The remaining cations form a dif fuse layer in which the cations exchange continuously with those in the rest of the solution. When an electrical field is 
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applied across the capillary, the cations in the diffuse layer will move towards the cathode, causing the liquid within the capil lary to move at a constant velocity. The process is called electroosmosis, and the electroosmotic mobility (μ eof ) is: Eq 2 where ε is the dielectric constant of the medium, η is the viscosity of the medium, and ζ is the zeta potential across the solid-liquid interface.
Therefore, within the capillary, ionized species will actually migrate with a velocity resulting from the sum of their intrinsic mobility and the mobility of electroosmotic flow (EOF):
Eq 3
As a result, anions can be dragged to move in the same direction with the cations if the magnitude of the EOF is greater than the mobilities of anions. Neutral compounds will migrate together at the velocity of the EOF (EOF = μ eof E).
A large volume of work related to CE has been carried out in recent years, but this review is not intended to cover all the de tails. First we will give a general introduction to the field of CE, followed by its instrumental developments including injection and detection methods and then separation chemistries. Em phasis will be placed on methods and means that have signifi cantly improved the capability of CE. Subsequently we will ad dress several applications of CE to the exploration of microenvironments such as a single cell. Development of these techniques and methodologies may be critical to the solution of current important issues in micro total analysis systems and biosciences. It is also our intention to show a trend of CE development in the sense that electrophoresis-based methods have been moved from the slab through the capillary to the microchip. Very fast analyses (within a few seconds) can be pursued with CE on chips.
Sample introduction techniques
Basically two types of injection techniques have been devel oped for CE: hydrodynamic and electromigration injections. They are available in almost every commercial instrument. Two reviews can be referred to for the technical details (6-7). Various modifications based on these techniques have been made in order to couple CE to other analytical techniques or to fulfill special analysis purposes. Interfaces were developed for coupling microdialysis (8) , liquid chromatography (9) , and supercritical chromatography to CE (10) . However, these designs have not yet advanced beyond the research and devel opment stage to commercial products.
Hydrodynamic injection
Hydrodynamic injection is the most widely used sample in troduction method in CE. Sample is introduced to the capillary by a pressure difference maintained between the ends of the capillary. This is realized by imposing pressure at the injection end of the capillary, a vacuum at the exit end of the capillary, or the siphoning action obtained by elevating the injection reser voir relative to the exit reservoir. The volume of sample injected is a function of the pressure difference across the capillary, the injection time, and the capillary internal radius. Either the in jection time or the pressure difference is used in practice as a variable factor to adjust the injected amount of sample. With hydrodynamic injection, the quantity of sample loaded is inde pendent of the sample matrix. Therefore, direct calibration with standard solutions is possible. It should be noted that hydrodanamic injection is incompatible with fixed, gel-filled cap illaries and rigid sample matrices, which require electro migration injection.
Electromigration injection
Electromigration injection is performed by replacing the in jection-end reservoir with the sample vial and applying a voltage across the capillary. Usually a field strength 3-5 times lower than that used for separation is applied. Analyte ions enter the capillary by both migration and the action of EOF. Therefore, discrimination occurs for ionic species; the more mobile ions are loaded to a greater extent than the less mobile ones. Neutral molecules are swept into the capillary by EOF. It should be pointed out that sample loading depends on the EOF and the mobility, which can change due to differences in the sample matrices. As a result, electromigration is not as repro ducible as hydrodynamic injection. Quantitation with electro migration injection therefore requires an internal standard.
Other injection techniques
It has been observed that a typical CE separation lasts from 5 to 30 min, which is fast with respect to many other analytical techniques but slow relative to many chemical events. The capability of using CE to monitor a dynamic chemical system was exploited by developing an optically gated sample injection (11) . The components in a mixture were first tagged with a fluo- rescent molecule and then introduced into the capillary. Near the entrance of the capillary, a laser is used to photodegrade the tag and thus render the material undetectable to a fluores cence detector that is located further along the capillary. A sample zone is generated by momentarily switching off the laser and thereby allowing a small amount of tagged material to pass intact. Because the sample modulation is optical rather than mechanical, temporally narrow plugs of material can be introduced into the capillary. The injection can be made while the capillary is maintained at the separation voltage. Analysis of a mixture of fluorescein isothiocyanate-labeled amino acids could be completed within 1.5 s.
Moving boundary sample introduction (12) is an alternative to the previous zonal injection methods for monitoring re action-based chemical analysis. The capillary is initially filled with the analyte solution while the fast-migrating reagent is maintained at the inlet reservoir. Upon application of an elec trical field, the analyte and reagent will merge due to differences in their electrophoretic mobilities. The reaction proceeds within the capillary. The reaction product is transported rapidly to the detector under the influence of an applied potential. This method allows the chemical analysis to be performed and detected entirely on-column and is termed electrophoretically mediated microanalysis (EMMA). EMMA was demonstrated for the complexometric determination of inorganic ions (13) and analysis of both enzyme and substrates (14) . For enzyme reaction, shutdown of the potential after the merging of enzyme and substrate zones allowed for the detection of single lactate dehydrogenase (LDH) with laser-induced fluorescence (LIF) (E. Yeung. Personal communication, 1994.) . This method was recently applied for a 24-s kinetic determination of leucine aminopeptidase (15) .
A microloop injection system was also developed for quanti tative injection to CE (16) . A wire loop was deployed at the tip of a capillary on which a thin film of liquid was formed. The loop was transferred to a sealed chamber, and a pneumatic pressure was applied to introduce the contents of the loop into the capillary. The sample surface tension and viscosity did not have a significant effect on the injected volume.
The coupling of microdialysis with CE enables direct in vivo monitoring of low-molecular-weight analytes present in the extracellular space of essential tissues. A diagram of the on-line microdialysis-CE system is presented in Figure 2 (8) . The overall system is based on a rotary microinjection valve and a specially designed injection interface. The microdialysate sample flows directly from the experimental animal into the sample loop of the microinjection valve. The valve converts the continuous flow of the dialysate into discrete plugs, which are sent to the CE interface by the flow of the CE run buffer from pump 2. The sample plug is pumped out of the transfer line of the interface and reaches the injection end of the sepa ration capillary. Electromigration injection is then performed.
Microdialysis-CE is most common for the monitoring of neurotransmitters such as neuroamines in the central nervous system. Recently its usefulness was also addressed for the mon itoring of drugs and endogenous compounds in systemic fluids and tissues for pharmacokinetics studies (17) . Coupling CE to microdialysis in these applications is advantageous due to the fast separation allowed. A microdialysis-micellar electrokinetic chromatographic (MEKC) system provided an injection preci sion of 2% relative standard deviation and facilitated in vivo analysis with a 90-s temporal resolution (8) .
Sensitivity enhancement
Enhancement in sensitivity represents a major challenge in current CE research. Modification on the injection methods offers one way to cope with the problem. Different strategies have been applied, such as isotachophoresis and electrophoretic stacking. Use of chromatographic packing materials and mem branes as preconcentrators facilitates the introduction of samples in large amounts. On-line microreactors for sample treatment and derivatization were also developed. Among these techniques, isotachophoresis and electrostacking are easily implemented in commercial instruments.
Isotachophoresis
Isotachophoresis (ITP) involves the segregation of analytes into zones that are sandwiched between leading and tailing electrolytes (LE and TE). Because the current must be constant throughout the capillary, the electric field varies within each zone to maintain constant velocity. Note that the concentration in each zone is constant and is determined by the concentration of LEs, which is usually in the 0.1M range. Very dilute samples can thus be concentrated into bands that approach the concen tration of the LE. For anion analysis, highly mobile chloride is often used as the LE, whereas ions with lower mobility than the analyte anions are chosen as the TE. For cation analysis, potas sium and ammonium ions are usually used as the LEs; lowmobility cations such as various amino acids are usually used as the TEs. No EOF is allowed, so that capillaries with internal coating are required for this operation mode. It should be noted that only one type of ion, either cations or anions, can be con centrated and subsequently analyzed in one run. This technique can lead to concentration factors surpassing 10. Various methods have been developed to implement ITP in CE analysis (18) (19) .
Electrophoretic stacking
Mikkers et al. first reported the concentration of analyte from a sample matrix with a lower conductivity than the run ning buffer in 1979 (20) . Chien and Burgi extensively prac ticed the principle (21) . Since then, sample concentration with electrophoretic stacking has been increasingly employed to achieve sensitivity enhancement. So far, 10-1000-fold sensi tivity enhancement has been reported with this technique. The principles and technical details have been reviewed by Chien and Burgi (21) . When the conductivity of the sample is lower than the conductivity of the running buffer, there is a greater voltage drop across the sample plug. The voltage drop con sequently leads to an amplified field in which analyte ions move with a greater velocity through the sample plug. When they reach the sample plug-running buffer interface, they encounter a much lower electric field, and the magnitude of their velocity decreases dramatically, resulting in a concentration of analyte ions in a thin layer at the surface. Anions and cations focus at different sides of the sample plug; neutral compounds experi ence no focusing.
A method to inject very large sample volumes (as much as two thirds of the capillary) was proposed by Chien and Burgi (22) . After hydrodynamic injection of the sample, the capillary was re turned to the buffer, and a voltage was applied in a reversed mode. The analyte anions experienced a stacking at the sample-running buffer interface. Simultaneously, electro osmotic flow pumped water plug out of the capillary. When the monitored current reached 90% of the value previously mea sured for the running buffer alone, the voltage was turned off, and the polarity was reversed. Automatic polarity switching is available in commercial CE instruments. To concentrate cations with this method, it was necessary to use a capillary with an im mobilized positive charge. A procedure to concentrate anions and cations simultaneously was also developed (23) .
However, a bias is associated with the polarity switching when the ratio of injection volume to column volume exceeds the ratio of electroosmotic flow to ion mobility. The solution to this problem was attempted by employing an electroosmotic flow modifier (e.g., diethylenetriamine [DETA]) as a pump (24) . A 100-fold improvement in sensitivity for the analysis of inor ganic anions was achieved without switching polarity.
Recently a head-column field-amplified sample injection was developed for the analysis of positively chargeable and hydro phobic compounds; a 1000-fold enhancement in sensitivity was obtained (25) . The sample stacking performed in a binary system requires an initially introduced low-conductivity zone (water plug) with more than 1-mm length, a sample injection voltage less than 20 kV, and an injection time interval less than 60 s.
Chromatographic preconcentration methods
The topic of on-line preconcentration with chromatographic methods has received considerable attention recently. This technique enables the analysis of sample amounts in vast excess of the total capillary volume, leading to a significant improve ment in CE detectability.
One way to implement the chromatographic preconcentra tion methods is to fill the inlet of a separation capillary with chromatographic packing materials (C 8 or C 18 phase), which are fixed by porous glass frits. The procedure involves initial con ditioning of the capillary, hydrodynamic introduction of sample, washing of adsorbed analytes, and transfer of the sample to the capillary. The method's feasibility has been demonstrated by chiral separation of low-concentration verapamil (VER); a detection limit 200 times lower was obtained. It was performed to determine VER in human plasma (26) . A T-connected capil lary technique to concentrate propranolol from serum was also reported. The initial segment of a capillary was filled with protein-coated octadecylsilane (ODS) silica gel. Up to 1 μL of sample could be injected without loss of resolution. The sensi tivity was increased by two orders of magnitude (27) .
A short capillary with a modified inner surface was also used as a preconcentrator, which was connected to a separation capillary (28) (29) . Dilute samples of herbicides loaded to the concentration capillary were bound to a C 18 -coated surface by hydrophobic interaction. A 10-35-fold increase in concentra tion resulted (28) . A modified inner surface with the reaction between iminodiacetic acid and zinc was reported for the concentrator was reported by Naylor's group (31, 32) . The membrane was installed in a Teflon cartridge located between a short cap illary and a separation capillary with Teflon tubing. The analytes loaded onto the capil lary were absorbed by the membrane, which was then washed with separation buffer to re move salts. Ultimately, analytes were eluted from the membrane with a minimum of or ganic solvent, and the CE voltage was subse quently applied (see Figure 3 ). The mem brane was used to remove salts and buffers that were used to solubilize biologically de rived mixtures. Cleanup and preconcentra tion of the sample were performed entirely on-line. An added advantage of using the membrane concentrator was the sample stacking that occurred because the analyte was in a low conductivity solution relative to the separation buffer after being eluted from the membrane (33).
On-line microreactor
On-line coupling of chemical reactions has been performed for derivatization and enzy matic digestion of samples prior to CE ana lysis. An enzyme-catalyzed microreactor coupled to CE for peptide mapping was de veloped (34) . The reactor could also be used to create fluorescent derivatives of primary amines (35) . A schematic of two micro reactors placed in tandem is presented in Figure 4 (36) . Prolyl hydroxylase α-subunit experienced the cleavage at the first micro reactor, and the resultant peptides were then derivated at the second microreactor. On-line microreaction analyte concentrators for consecutive protein digestion and peptide derivatization were reviewed recently (36) .
concentration of metal binding proteins with 25-fold sensi tivity enhancement (29) . A selective immunoaffinity concen tration on a protein G chromatographic support material resulted in a preconcentration enhancement of 1000-fold (30) .
The use of an on-line impregnated membrane as a pre-
Separation modes
Capillary zone electrophoresis Capillary zone electrophoresis (CZE) is the basic operation mode of CE and has been employed in 60% of CE analyses. Analytes suitable for CZE include metal ions, inor ganic anions, organometallics, small organic acids and bases, peptides, and proteins. A prerequisite to CZE application is that the analytes, which migrate under an applied field, have to be charged or chargeable. The difference in migration results mainly from the different charge densities of the ionic species, which are essentially affected by the pH of the buffer electrolyte. In most cases, an optimization can be achieved by adjusting the buffer pH. When the pH change does not facilitate a satisfactory separation, selectivity can be obtained by the addition of additives into the buffer electrolyte. The additives include ion-pairing agents, complexing agents (polycarboxylic acids and chelating agents), organic solvents (37), polycyclic ethers and their derivatives, and various chiral selectors. Yang et al. established a theoretical migration model for inorganic cations (38) . With this model, the effective μ ep was described in terms of absolute μ ep , complex formation constants, concen tration of complexing reagents, and organic solvent in the buffer; the separation could be optimized. A review summarized the separation mechanisms and optimization methods for the analysis of small ions with CE (39) .
Chiral discrimination with CZE is an important and tremen dously successful application area (40) (41) . A racemate mix ture can be resolved by the addition of chiral selectors to the buffer electrolyte. If these two compounds interact differentially with the chiral selector, their electrophoretic mobilities should be altered to different extents, and the separation should be achieved. Cyclodextrins (α-CD, β-CD, and γ-CD) are the most commonly used chiral selectors, although their derivatives (i.e., sulfated β-CD [44] and sulfobutyl ether β-CD [43] ) were found to be superior to the neutral CD selectors for the sepa ration of a variety of chiral compounds. Other chiral selectors are crown ethers and their derivatives, microcyclic antibiotics (44, 45) , chiral ligand-exchange complexes (46) , noncyclic oligo saccharides and polysaccharides (47) , and proteins (48) . A theoretical model was developed to be used for the determina tion of thermodynamic parameters and separation optimization (49) . The maximum electrophoretic mobility difference was predicted when the concentration of free selector equaled the reciprocal of the average binding constant. Selectivity was found to be in the reverse order of binding constants. A multiequilibria-based model was developed to account for separation of chiral acids and bases as a function of both pH and CD concentration (50,51).
CZE was also a possible separation mode for the analysis of carbohydrates, which was outlined in a number of recent reviews (52) (53) (54) . These compounds are normally uncharged, so borate complexation was often carried out to impart charge into the compounds. Successful separation was demonstrated for the separation of mono-and oligosaccharides. Although some glycans can absorb ultraviolet (UV) light at around 200 nm, high-sensitivity detection requires labeling these analytes with a suitable chromophore or fluorophore. For this purpose, re ductive amination with 2-aminopyridine and aminonaphthalenes was usually performed at the reducing end of the carbohydrates followed by reduction with sodium cyanoborahydrades. However, the derivatization caused a problem with the excess of reagent, which interfered with the CE analysis. This problem could be alleviated by using 2-aminoacridone as the derivative reagent, because the excess reagent and the derivatives could be separated with MEKC (55).
MEKC
MEKC was introduced by Terabe in 1984 (56) . Books and re views are available on this subject (57) . It is distinguished for its capability to deal with the separation of electrically neutral molecules. The key for MEKC is the addition of a surfactant into the buffer electrolyte. When the concentration of surfactant is above its critical micelle concentration (CMC), aggregates of surfactant molecules form the micellar phase, which acts as a pseudo-stationary phase. The differences in distribution con stants of charged and neutral compounds into the micellar phase lead to successful separation. MEKC is also used for the separation of ions because it provides selectivity in addition to electrophoresis and is typically useful for compounds with the same charges and similar structures, though these compounds may have the same or very similar electrophoretic velocities and are not separable with CZE. Interaction of the analytes with the micellar phase is determined by the hydrophobic properties of the analytes.
Important factors in surfactant selection are the length of hydrophobic alkyl chain, the electric charges, and the structure of the hydrophilic group. A longer alkyl chain increases the in teraction between the hydrophobic analytes but rarely changes the separation factor. In addition, the long chain causes a high Kraft point so that high temperatures are required for the operation. Surfactants with short alkyl chains have high CMCs and high conductivity; therefore, Joule heating causes bandbroadening. A dodecyl group is often preferred. A hydrophilic group affects the selectivity of micelles. Ionic surfactants with opposite charges of the analytes interact strongly, and the ten dency increases as the hydrophobics of the analytes increases. As a result, the capacity factor is too high to achieve sufficient resolution. Nonionic surfactants do not separate electrically neutral compounds. However, they tend to have weaker inter action with peptides than ionic surfactants and are therefore more suitable for the separation of peptides. Both nonionic and zwitterionic surfactants have low conductivities, which is advantageous in terms of low Joule heating and the possibility of using high concentrations of surfactants. For enantiomer dis crimination, chiral surfactants are useful.
MEKC is suitable for light-to-medium hydrophobic com pounds. Analyses have been performed with inorganic ions, phenols, organometallics, amino acids, carbohydrates, pep tides, proteins, polynuclear aromatic hydrocarbons, and most herbicides and pesticides, which are difficult to handle with CZE. For some larger peptides and proteins, modifiers such as organic solvents, cyclodextrins, and urea have to be added to the buffer electrolyte in order to increase the aqueous solubility of the analytes by reducing the interaction with the micellar phase. A similar problem with overly strong association of highly hydrophobic compounds in MEKC was also encoun tered. The addition of organic solvents to the buffer electrolyte was a solution, but the concentration of organic solvents was very limited due to the damage of micelles. Yang et al. reported their solution with the use of an ionic polymer to replace the surfactant (58) . The ionic polymer can be viewed as covalently bonded micelles with zero CMC. As a result, the separation al lowed the use of high contents of organic solvents.
Capillary gel electrophoresis
Capillary gel electrophoresis (CGE) is performed in a polyacrylamide or agarose gel-filled capillary, and separation is based on molecular sieving by the porosity of the gel. It is a major separation mode for the analysis of proteins, oligonucleosides, and DNA fragments. These large biopolymers have a constant charge-size ratio and are thus not separated with CZE and MEKC. Although it is no doubt a good alternative to traditionally used slab gel electrophoresis and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in terms of highly efficient separation and short analysis time, several problems are associated with the separation mode (e.g., gel breakage, gel degradation by hydrolysis, particularly at the alkaline pH commonly used to separate the biopolymers, clog ging of the injection end, and short lifetime of the capillary).
Non-gel sieving CE was introduced to overcome these prob lems (59) . In non-gel sieving, water-soluble linear polymers such as methylcelluloses, dextrans, and polyethylene glycol are used in the separation buffer. The polymer solution can be replenished at the beginning of each analysis, enabling a capillary to be used for up to hundreds of runs with good reproducibility. A difference from slab gels is that entangled polymer solutions are preferred to crosslinked gels. The principles of size-based separation in polymer solutions have been reviewed recently (60) . Figure 5 shows a simultaneous separation of myoglobin molec ular mass markers (molecular weight range: 2512-16949) using CGE (61) . Separation was completed within 13 min in a buffer composed of 12% dextran and 10% glycerol (for slowing down the diffusion of peptides). This method was much simpler and saved much analysis time compared with slab gel electrophoresis (12 h).
Affinity CE
Affinity means that two or more components interact specif ically in the form of hydrogen binding, electrostatic interaction, hydrophobics, and van der Waals force. CE processes involving affinity effects between solute and buffer additive have been termed as affinity CE (ACE), which is the subject of a recent review (62) .
One major application of ACE is the determination of physicochemical parameters. Binding constants are measured for metal-protein complexes (63), enzyme-inhibitor interaction (64), molecular recognition by carbohydrate (65), DNA-peptide interactions (66), antibody-antigen interactions (67) , and pro tein-drug association (68), etc. A recent review highlighted the determination of drug-protein interactions by using CE (69) . In addition, the association between micelles and solutes (70) and the association between cyclodextrins and chiral molecules (71) are also classified into this category, and the relevant constants are obtained with ACE. Furthermore, ACE is a useful separation mode for chiral drug discrimination (72) (73) (74) as well as for the study of combinatorial peptide libraries (75, 76) , protein sur face structure, and structure-function relationships (77) . The number of studies on ACE has increased in recent years.
Other separation modes
Isotachophoresis (ITP) is currently used more as an on-line concentration means than as a separation method. The princi ples of ITP and its application for on-line sample concentration have been described above.
Capillary isoelectric focusing (CIEF) involves the creation of a static pH gradient within the capillary that causes all analytes to migrate to their respective isoelectric points. Compounds may be eluted from the capillary or detected in situ in their respective zones. It is an alternative to conventional electrofocusing and chromatofocusing for the determination of iso electric points (pI) of proteins. Yao 
et al. determined the pI values of acidic and basic proteins with CIEF (78).
Capillary electrochromatography (CEC) uses the fused-silica tubing, which is either packed with spherical stationary phase (packed CEC) or coated with some type of adsorbent (open tubular CEC) on its inner surface. Electroosmotic flow sweeps eluent and sample through the capillary, and separation occurs because of the partitioning of the analytes between the stationary phase and the mobile phase in addition to differences in electrophoretic mobility. The flatter flow profile contributes to improved separation efficiency compared with pressured-driven chromatography, but it is only significant for very low capacity factors. Some problems include bubble formation and poor reproducibility for electroosmotic flow and capacity factors. Approaches to eliminate bubbles include the use of low-conductivity buffers (79) and the introduction of a pressur ized flow generated by an LC pump (80), Sep aration was demonstrated for basic amines and small biomolecules such as β-agonists. Al though reports on this separation mode are still limited, CEC has been viewed as a poten tial alternative to capillary LC with better mass transfer kinetics and efficiency. 
Detection methods
Lack of sensitivity has been a major limi tation in CE. The small capillary dimensions encountered in CE and the minuscule zone volumes create a system in which sensitive detection of solute zones without introducing zone dispersion is a major challenge. Also because of this reason, detection in an on-column configuration is more suitable for CE and easily implemented. Although UV detection is still the most com monly used detection mode for CE due to its relatively universal nature, fluorescence and mass spectrometry (MS) detectors have received increasing attention, and significant advance ments have been made in recent years. Fluorescence detec tion has attained a detection limit of 10 -11 M, which is the reason for its wide acceptance in biochemistry, pharmaceu tical, and pharmacokinetics studies as well as biomedical research. Various electrochemical detection methods have also been studied extensively. Fluorescence detectors, electro chemical detectors, and CE-MS interfaces are commercially available. New detectors such as chemiluminescence detec tors, refractive index, thermooptical absorbance detectors, and nuclear magnetic resonance (NMR) were also reported to be feasible for CE detection.
UV-visible absorbance detection
UV-visible (UV-vis) detection is applicable to a wide spectrum of compounds, including proteins. However, the usual concen tration detection limit obtained with this detection mode is 10 -4 to 10 -5 M, which hardly fulfills the requirement in trace analysis. The design of a bubble cell capillary and Z-shaped detection cell aims to increase detectability by enhancing the optical path length (81) . Sensitivity increases of 10-fold were usually claimed with the designs. Detection is also carried out through the use of diode array and fast scanning detection schemes.
For compounds without intrinsic absorbance, derivatization procedures in the form of precapillary, postcolumn, and on-line complexation were developed. On-column complexation with 4-(2-pyridylazo)resorcinol following sample stacking produced a detection limit of 1 χ 10 -8 Μ for Co 2+ , Fe 2+ , and Zn 2+ (82) . Alternatively, indirect detection has been utilized for the ana lysis of inorganic ions, amino acids, amines, polyamines, organic acids, aliphatic surfactants, and sugars, etc. The key to indirect detection is the selection of a suitable UV background-absorbing substance with a high absorbance capability and the same charge as the analytes. Imidazole and chromáte have been very commonly used for the detection of inorganic cations and anions, respectively. Indirect detection of anions and cations with organic dye additives achieved a sensitivity 100 times better than the best previously reported data (83) .
Fluorescence detection
Fluorescence detection is also easily adapted to CE in an on-column configuration. Fused silica is the most suitable material, due to its light cut-off near 170 nm and low lumines cence properties. Excitation radiation, either from an arc lamp or a laser, is focused onto a section of the capillary where the polymer coating has been removed. The resulting fluorescence is collected at an angle of 90° relative to the excitation beam. Cap illary diameters of 25-75 pm are compatible with this detection mode. Major studies in this category focus on the excitation sources and derivatization chemistry. Laser-induced fluorescence is much preferred because of its great gain in sensitivity. A trend can be observed to apply diode lasers, which are inexpensive, small, and long-lasting, and are expected to facilitate the con struction of a miniaturized CE system. Laser-based CE detection (84) and diode laser detectors (85) were reviewed recently.
With a uniquely designed flat detection window, sheath flow cuvette (SFC) postcolumn detection cells reduce light scatter and background noise, facilitating a high sensitivity detection in LIF (86) . Wavelength-resolved fluorescence detection (87, 88) and spatial-scanning laser fluorescence detection (89) systems were also reported.
A fluorescence detection scheme is typically powerful for trace biomedical, biochemical, and pharmaceutical residue analysis. Compounds that frequently require this detection mode include amines, amino acids, peptides, proteins, nucleic acids, and carbohydrates. Because most of the compounds have no native fluorescence, various derivatization strategies have been developed, which were extensively reviewed (90, 91) .
With a novel detection approach (i.e., laser-induced reso nance energy transfer detection), prior derivatization can be avoided. Direct determination of salicylic acid (2,4-dihydroxybenzoic acid), gentisic acid, and salicyluric acid in urine and de tection of salicylate in serum was demonstrated (92) . The method is highly sensitive; detection limits are in the range of 10 -7 M. The method is applicable to complex matrices such as serum and urine without prior sample concentration and preparation.
Indirect fluorescence detection is also a method of choice to avoid complex derivatization. It is operated in a manner similar to indirect UV. Fluorophore is used as an absorbing background, and the detection of complexed metal ions and anions in single erythrocytes has been performed with success.
Electrochemical detection
The principle and technical details of electrochemical de tection (EC) for CE have been described in two recent reviews (93, 94) . Potentiometric and amperometric detectors were widely employed. Typically, a cylindrical fiber is inserted into the capillary, or a disk electrode is brought up to the end of the capillary. Optimized designs use a conically etched capillary end. Means were developed to keep the detection circuit sepa rate from the electrophoresis driving circuit. The EC detection is useful for electroactive substances such as amines, amino acids, peptides, and carbohydrates. The electroactive com pounds can undergo oxidizing reactions on the surface of elec trodes, causing a change in the electrode surface steady states that can be monitored. The advantages of electrochemical de tection are its low cost, relatively high selectivity, and low de tection limits. Detection of cellular contents in a single cell was attained with this detection mode.
MS
MS as a CE detector is quickly gaining interest in recent years and is the subject of a number of review articles (95) (96) (97) . CE-MS is unique and powerful in the sense that the new system combines the capability of providing structural information, high sensitivity, the universal nature offered by MS, and the ex cellent selectivity provided by CE. It is therefore an analytical tool with great potential in studying complex biomolecules such as glycoproteins and nucleotides (98) .
A key to coupling CE with MS is the design of an interface that permits the introduction of the CE-fractionated sample components to MS while maintaining the high sensitivity and precision of peak identification in the following evaporation, ionization, and mass analysis. Because the flow rate in CE is much lower than the total flow rate into the ionization sources, an additional flow is needed to make up the difference. Sheathbased and liquid junction interfaces are widely used for electrospray ionization (ESI) and continuous flow fast-atom bom bardment (CF-FAB). A coaxial sheath-flow was advantageous in terms of the independent optimization of CE buffer and sheath flow composition-FAB matrix. Figure 6 shows the liquid junc tion and coaxial sheath-flow CE interfaces.
CF-FAB and ESI are the two most utilized ionization tech niques for CE-MS. ESI has been widely adopted over the past years due to its high sensitivity and high mass range. Induc tively coupled plasma as an ionization source enables elemental analysis with CE-MS (99) . Because of the high sensitivity and high mass ranges of over 200,000, matrix-assisted laser desorption-ionization (MALDI) is also preferably used as an ion-
Selected applications in microscale analysis
The real power of CE in providing excel lent separation efficiencies has been exten sively exploited by developing suitable injection techniques and a variety of detec tion schemes as well as establishing various separation chemistries. It is a current trend to miniaturize the chemical analysis systems. As a result, even faster analysis can compete with sensors, and microenvironments can be effectively explored with CEbased separation techniques. 
CE-based sensors
The concept of separation-based sensors was proposed by Ewing and coworkers in 1989 (104). They coupled CE to an electro chemical detector so that a neurotrans mitter, dopamine, in a single nerve cell could be determined within approximately 6 min. The underlying principle of the sensor is to achieve selectivity by separation and sensi tivity by detection.
Chemical sensors usually lack selectivity, which has hindered their application in "real world" analysis. The selectivity of these sen sors relies on the selectivity provided by a chemical reagent phase, which is not readily adaptable to the detection of different species and not reusable. The use of CE to improve the selectivity of a chemical sensor was demonstrated by the construction of an integrated CE laser-induced fluorescence fiberoptic sensor (105) . Sample was injected from the inlet of a short capillary (8 cm) , and the outlet of the capillary was interfaced to a fiberoptic sensor for optical detection. With this system, up to 3000 theoretical 366 ization source for CE, and the interface is mostly in off-line format. Ion trap is a major mass analyzer used for CE-MS because it is considered to be potentially promising for highsensitivity and low-cost detection. Tandem MS is used to pro vide additional structural information. Fourier transformation ion cyclotron resonance (FTICR) with ESI has been shown to be a high-sensitivity, high-precision means of mass measurement; characterization of hemoglobin in a single erythrocyte (approximately 450 amol) was attainable (100) .
Biofluids usually contain very low analytes, which poses a challenge to the current detection ability with MS (101). This problem was alleviated by using preconcentration based on ITP, electrostacking, and chromatographic methods (32, 102) prior to CE-MS. CE-MS involving preconcentration with the chromatographic methods and membrane in drug metabolism studies was highlighted by Naylor et al. (32) . Sequencing of a peptide less than 60 femtomoles was achieved with the method (103) . In addition, CE-MS was shown to be particularly useful for scanning combinatorial peptide libraries (76) .
plates were obtained for the CZE analysis of charged fluorescent dyes and metal-8-hydroquinoline-5-sulfonic acid complexes based on in situ complexation as well as MEKC analysis of neu tral fluorescent compounds.
Biosensors detect chemical species on the basis of molecular recognition. Entire living cells can be used as biosensors be cause many chemical species can evoke a response from a single cell. However, when more than one component in a sample matrix elicits a response, the resulting signal often cannot be interpreted. This problem can be solved by imparting high CE selectivity to the biosensor. A CEbased single-cell biosensor system was re cently reported by Zare's group (106) . Figure  7A presents a schematic diagram of the single-cell biosensor system used. A single cell was positioned underneath the outlet of a capillary with an inner diameter of 25 μm and an outer diameter of 360 μm. Electroosmosis delivered positive, neutral, and nega tive species that were separated by CE to the extracellular surface of living cells, which elicited a change in the cytosolic concentra tion of calcium ions in cultured rat PC-12 cells. Changes in the calcium concentration were monitored through fluorescent changes of calcium indicator fluo-3 with fluorescent microscopy. The CE single-cell biosensor system could identify acetylcholine (ACh), which is difficult to detect with traditional measurement methods. Figure 7B illustrates the identification of ACh in a complex bio logical matrix using the system. A major limitation associated with the cellbased biosensor is loss of agonist-induced response caused by receptor desensitization. A cell-to-cell scanning in CE was proposed to deal with the problem (107) . By scanning an array of immobilized cells underneath the CE column outlet, a new cell was used to assay each electrophoretically fractionated component. A successful detection of bradykinin after electrophoretic separation was obtained within 120 s by an NG-108-15 cell, which was known to undergo desensiti zation.
CE is compatible with the biosensor in terms of physiological compatibility (uses aqueous separation buffer), speed, and high separation efficiency. The ability to work with very low sample volume (down to picoliter volumes) is another advantage in studying microenvironments. On the other hand, in corporation of a biosensor to CE makes a highly selective system for sensing many im portant biological species that are not easily detected with conventional measurement methods. This area shows great promise in clinical diagnosis and biochemical studies.
CE on microchip
Harrison and coworkers pioneered the ap proach of performing CE on a microfabricated planar glass chip and published their results in 1992 and 1993 (108, 109) . With this system, they demonstrated the analysis of fluorescently labeled amino acids in less than 5 s, with theoretical plates ranging from 40,000 to 75,000 for different amino acids. These are equivalent to results obtained in conventional fused-silica capillaries, but the total analysis time was as short as that attained with sensors. Sub sequently, different groups showed that the system was feasible for various chemical analysis systems previously established with CE. The microchip is fabricated by a standard photolithographic patterning followed by chemical etching (110) . Figure 8 shows the layout of a 1 χ 2-cm planar glass chip, which consists of two capillary channels intersecting at right angles (111) . The short channel between reservoirs 1 and 2 is used to supply sample solutions, whereas the long channel between reservoirs 3 and 4 is used for separations. A cover plate with 0.3-mm holes to provide channel access points is thermally bonded to the glass plate in which channels were etched. Plastic pipette tips in serted into the holes of the cover plate act as the buffer reser voirs into which the buffer and platinum electrodes are placed. Injection is performed by first applying a voltage difference across the channel between reservoirs 1 and 2 and then switching to reservoirs 3 and 4 for the separation. The injection volume is equal to the volume of intersection. Detection is performed with fluorescence or laser-induced fluorescence at the site indicated in the figure. Figure 9 presents recent results obtained in our laboratory (Y. Zhang, H.K. Lee, and S.F.Y. Li. Fluorescence detection in short capillary and chip using a variable-wavelength epifluo rescence microscope. Talanta, in press.). The baseline separa tion of five porphyrin-free acids was achieved on a microfabricated glass chip with a separation length of 2.8 cm under an electrical field of 500 V/cm. Analysis was monitored by a vari able-wavelength epifluorescence microscope in an on-column configuration.
Various existing CE operating modes, in cluding CZE, MEKC (112) , and CGE (113), could be performed on the microfabricated structures. Analytes studied include metal complexes (114) , amino acids (109), PCR (115) and LCR (116) products, DNA for high speed sequencing (117) , and antisense oligonucleotides (118) . An on-chip sample stacking procedure was developed, showing increased separation efficiency and enhanced detection limits (119) .
MEKC on a glass chip with a cyclic channel system allowed the analysis of six fluorescein isothiocyanate labeled amino acids within a few seconds (112) . Compared with conven tional MEKC in fused-silica capillaries, ana lysis on a microchip is 1-2 orders of magni tude faster, with higher efficiency and at no expense of accuracy and precision. Human urine derivated with FITC and subsequently diluted 10-fold with water was analyzed. The cyclic channel system permitted an unbiased, dead-volume-free electromigration sample inlet system of about 12 pL.
The microfabricated silicon PCR reactor was directly linked to a CE chip through a microfabricated channel filled with hydroxyethylcellulose-sieving matrix, forming a microfabricated DNA analysis device (115) . Electro migration injection was performed directly from the PCR chamber through the crossinjection channel to the CE on-chip devices. a few centimeters length with a width of 30-90 μm and a height on the order of 10 μm. Due to the small-channel cross-section, heat dissipation on the chips is better than in conventional cap illaries. Therefore, higher electric fields can be applied, which provide analysis times on the second time scale and minimize longitudinal dispersion of the analytes. With this manifold, high-speed analysis and sampling volume as low as tens of picoliters are achievable. Furthermore, high sample throughput was realized by using capillary array electrophoresis chips (120) .
The microchip simultaneously serves as injector, microreactor, and detector (121), creating a "lab on a chip" concept (122) . The sample injection, pretreatment, separation, and detection are performed simply by con trolling the direction of electroosmotic pumping with switching applied voltages. Be cause microchips are potentially dispensable and inexpensive, the approach shows great promise in biomedical studies and clinical diagnosis. Research is in progress to design different geometries of the channels to pro vide high separation efficiency with optimized sample pretreatment and detection (121) .
Assay of single cells
Ewing and Wallingford pioneered the research of CE at the single-cell level (123) . They successfully introduced subpicoliter cytoplasmic samples from a single cell to a capillary by a microinjector with an inner diameter of 5 μm. The microinjector was 
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A PCR-CE analysis of a β-globin target cloned in M13 cells was completed in under 20 min; CE analysis time was less than 120 s. Real-time monitoring of β-globin target amplification as a function of cycle number was also achieved. In addition, use of quartz substrates is advantageous due to the superior optical properties of quartz, especially in the UV region (200-400 nm), which is suitable for the detection of a majority of compounds (114) .
Most planar microstructures comprise separation channels of formed by etching one end of a silica capillary with hydrofluoric acid. Figure 10 shows their system (124) . Dopamine was de tected with an electrochemical detector. Yeung's group successfully detected inorganic ions (125), proteins (126) , enzymes (127) , and pyruvate and lactate (128) in even smaller human erythrocytes with laser-based detec tion schemes. A recent review presented various derivatization methods for the analysis of single cells with fluorescence de tection (129) . Table I lists the selected single-cell analyses.
One recent report first addressed the single cell analysis with electrospray ionization-Fourier transform ion-cyclotron reso nance-mass spectrometry (ESI-FTIGR-MS) (100) . The use of MS as detector in CE-based single cell analysis may yield struc tural information of cellular constituents, which is significant in this area. Characterization of hemoglobin from a single human erythrocyte (approximate to 450 amole) was carried out.
CE is well-suited for probing microenvironments due to its typical features (i.e., the compatibility between the dimensions of the capillary [inner diameters of 2-200 μm] and the size of most cells [diameters of 5-500 μm], much smaller sample re quirements than most other analytical methods, extremely high separation efficiency, high analysis speed, and possible on-capillary sample pretreatment [enzymatic digestion and derivatization, for example]). The study of single-cell pharma cokinetics with CE-LIF was reported very recently (130) . Fur ther developments in this domain are still expected.
Conclusion
CE is an analytical technique that has received great atten tion in recent years. The power of CE in providing excellent sep aration efficiencies has been extensively exploited by devel oping suitable injection techniques, detection schemes, and separation chemistries. In some fields, it has broken the limi tations of existing analytical techniques such as HPLC, etc. Miniaturization of CE-based chemical analysis systems on microfabricated chips has become a trend. As a result, even faster analyses that can compete with sensors may be realized. Also, miniaturization of CE-based analytical methods provides techniques to probe microenvironments in which many un known matters are still waiting to be unfolded, while existing methods have been very limited. More achievements in this area can be expected in the near future.
